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In this work I introduce a model that takes into account the effect of long range elasticity and apply
it to study the boundary lubrication for curved solid surfaces. In particular, I investigate the sliding
dynamics when the block and the substrate are separated by a molecular thin lubrication film. The
role of elasticity and the origin of stick–slip motion is discussed. © 2000 American Institute of
Physics. @S0021-9606~00!70537-X#I. INTRODUCTION
Sliding friction is one of the oldest problems in physics
and has, undoubtedly, a huge practical importance.1 In recent
years, the ability to produce durable low-friction surfaces
and lubricant fluids has become an important factor in the
miniaturization of moving components in technologically ad-
vanced devices.
Recently, a large number of computer simulations2,3 and
analytical studies of simple model systems4 have been pre-
sented, with the aim to gain insight into the atomistic origin
of sliding friction. All the computer simulations we are
aware of have used flat surfaces, represented by thin ~5–20
Å! solid layers, which could not account for long-range elas-
tic effects ~see, e.g., Ref. 2!. However, all experiments re-
lated to boundary lubrication and sliding friction measured
the properties of curved surfaces of mesoscopic or macro-
scopic dimensions, for which the elastic response to external
forces is an essential ingredient determining their properties.
For example, in the surface forces apparatus,5 very thin mica
sheets are glued onto two cylindrical glass rods. By bringing
the cylinders ~rotated by 90° relative to each other! in con-
tact, a common interface is formed, whose shape and size is
determined by the elastic deformation of the two solids.
Curved surfaces are, of course, also involved in almost every
real life sliding system, since even nominally flat surfaces
have defects and asperities, and the contact between two
macroscopic bodies will always occur in a number of dis-
crete areas ~typically of micrometer size!. For very smooth
surfaces, the asperities will mainly deform elastically, i.e.,
negligible plastic deformation will occur.
In an earlier work we have introduced a model that takes
into account the effect of the long-range elasticity, and we
have applied it to boundary lubrication of curved solid
surfaces.6 In particular, we focused on the squeezing dynam-
ics of molecular thin lubrication films. @We considered the
nature of the n→n21 layering transition ~where n is the
number of layers of lubrication atoms between the solid sur-
faces!, that occurs with increasing applied pressure.# In this
work we apply the same model to investigate the sliding
dynamics when the block and the substrate are separated by
a molecular thin lubrication film.5470021-9606/2000/113(13)/5477/8/$17.00
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The model used in the present computer simulations was
described in detail in Ref. 6, and here we only give a short
summary. We are concerned with the properties of a lubri-
cant film squeezed between the curved surfaces of two elas-
tic solids. In experiments, a system of this type is obtained
by gluing two elastic slabs ~of thickness W1 and W2) to
‘‘rigid’’ surface profiles of arbitrary shape. If the radius of
curvatures of the rigid surfaces are large compared to W1 and
W2 , the elastic slabs will deform, reproducing with their free
surfaces the ~nearly arbitrary! shape of the underlying rigid
profiles.
To account for the elastic response of the slabs, without
dealing with the large number of atoms required to simulate
a mesoscopic elastic solid, in our model we treat at the ato-
mistic level only the last few atomic layers of the solids at
the interface. The force constants connecting these atoms to
the underlying solid, however, are not the bare parameters,
determined by the model interatomic potential. Instead, as
described in Ref. 6, those force constants are treated as ef-
fective parameters that implicitly reintroduce the elastic re-
sponse of the slabs of arbitrary width W1 and W2 .
The atoms in the bottom layer of the block ~open circles!
form a simple square lattice with lattice constant a, and lat-
eral dimension Lx5Nxa and Ly5Nya . In the following, pe-
riodic boundary conditions are assumed in the xy plane.
Between the block and substrate we assume a layer
~monolayer or more! of lubrication atoms, which interact
with each other via Lennard-Jones pair potentials:
v~r !54e0F S r0r D
12
2S r0
r
D 6G .
The parameters (e0 ,r0) have been chosen to describe Xe.
We also assume that the lubrication atoms interact with the
atoms of the solid surfaces via Lennard-Jones pair potentials
but with different parameters (e1 ,r1).
In our simulations we shall assume that the block is
moving, while the bottom surface of the substrate is fixed in
space. To the block is connected an external spring ~spring
constant ks) and the ‘‘free’’ end of the spring moves with the
velocity vs parallel to the substrate ~see Fig. 1!. The mass of
the sliding block is denoted by M. Before sliding, the system
is ‘‘prepared’’ by starting with well separated solid surfaces7 © 2000 American Institute of Physics
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sponding to typically four monolayers of Xe atoms!. Next,
the upper surface of the block is moved with a ~low! constant
velocity towards the substrate until the average pressure P0
5L/(LxLy) ~where L is the load or normal force! takes some
definite predecided value. As described in detail in Ref. 6,
this will result in a flattened out region with a well-defined
number of Xe-monolayers between the surfaces. In the
present case a single Xe-monolayer occurs in the high pres-
sure contact region ~see below!.
In the simulations presented below, we assumed that the
elastic properties of the solids correspond ~approximately! to
steel. That is, we use E51011 N/m2 ~elastic modulus!, n
50.3 ~Poisson ratio!, and r55096 kg/m3 ~mass density!.
The block is 100 Å thick and has a cosine corrugation along
the x direction, while the substrate is flat and consists of just
one monolayer of atoms. The parameters for the interaction
among the lubricant atoms (e0520 meV, r054 Å and the
atomic mass 100! correspond to xenon.
In the computations I have assumed the mass of the
block M5105 m ~where m is the Xe-atomic mass! and r1
51.1 r051.375a , where a is the common lattice constant of
the block and the substrate. We also assume e153e0
560 meV, Nx5200, Ny530. The number of Xe atoms in
the basic unit N514 000 correspond to roughly four mono-
layers of Xe atoms. However, after the surfaces are squeezed
together with the ~average! pressure P05109 Pa, only a
single monolayer remains in the flattened out contact area.
Thus, most of the Xe-fluid is trapped in the vacancies be-
tween the surfaces. All results presented in this paper are for
the temperature T5200 K.
Figure 2 shows the potential energy ~in eV! ~top! and the
equilibrium height ~in units of the substrate lattice constant
a) ~bottom! for a Xe atom displaced over the substrate from
an on-top site, over the hollow site, to another on-top site
~see the inset!. The Xe atoms bind strongest in the hollow
sites and weakest in the on-top sites. The binding energy in
the hollow site is EB50.46 eV, and the overall corrugation
in the binding potential energy surface equals 13%. The fluc-
tuation in the height of the Xe atom between the hollow and
on-top site is 0.08a . We note, however, that when an adsor-
bate layer is confined at high pressure between two solid
FIG. 1. Schematic picture of the sliding system used in the present paper.Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject tosurfaces, the effective barrier for diffusion will strongly in-
crease. The substrate lattice constant a53.2 Å is much
smaller than the equilibrium Xe–Xe separation ~which is
close to r054 Å). As a result, the Xe-monolayer adsorbed
on the substrate forms an incommensurate hexagonal struc-
ture.
III. SIMULATION RESULTS
Let us first note the following: The maximum static
shear stress observed in the computer simulations presented
below is of order s;108 Pa. Since the shear modulus G
’431010 Pa, it follows that the maximum displacement u
(u’sW/G in the present case! of the contact area, relative
to the center of mass of the block, will be of the order of a
few tenths of an Å, i.e., about a factor of 10 smaller than the
lattice constant a. Thus, the motion of the bottom surface of
the block will closely follow that of the center of mass of the
block. However, in most practical cases the displacement u
will be much larger than the lattice constant, and in these
cases it is possible for the contact area to perform large-
amplitude ~compared to the lattice constant! stick–slip mo-
tion even if the center of mass of the block moves steadily
forward with a nearly constant velocity. For example, if the
radius of the contact area R510 m m, then even for an elas-
tically stiff material such as steel, the displacement ~see Sec.
IV! u’(s/E)R’1000 Å, i.e., much larger than the lattice
constant a;1 Å.
Figure 3 shows the kinetic frictional stress as a function
of the sliding velocity. Although the spring force is nearly
constant, the shear stress acting on the lower surface of the
block exhibits periodic oscillations ~period T), correspond-
ing to a spatial wavelength vT5a , where a is the lattice
FIG. 2. The potential energy ~top! and the height above the surface ~bottom!
as a function of the lateral position of the Xe atom between on-top–hollow–
on-top ~see the inset!. AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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shows ~a! the velocity of the bottom surface of the block and
~b! the shear stress when the spring velocity vs59 m/s. ~In
the simulations the steady state has not yet been reached, and
the velocity exhibits some ‘‘long-time’’ oscillations.! The
stress shown in Fig. 3 has been obtained from simulations of
the type illustrated in Fig. 4~b! by averaging over the time
period T. Within each period the lubrication film goes from a
pinned solid state to an incommensurate sliding state ~see
Fig. 10!, i.e., the bottom surface of the block performs stick–
slip oscillations, even if the center of mass moves (nearly)
steadily. That is, because of the big mass of the block and the
high frequency of the stress fluctuations, the effect of the
stress fluctuations on the velocity of the block is very small.
In macroscopic systems the effect on the center of mass mo-
FIG. 3. Kinetic shear stress as a function of the sliding velocity.
FIG. 4. The ~average! velocity of the bottom surface of the block ~a! and the
shear stress acting on the lower surface of the block from the lubrication
atoms ~b!, as a function of time. The simulations are for a case where
~smooth! kinetic sliding is stable and the system approaches constant stress
and sliding velocity for increasing time. For vs59 m/s and ks53 N/m.Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject totion will be even smaller, in particular in the multicontact
case, where the phase of the stress fluctuations in the differ-
ent junctions will be nearly uncorrelated. It is interesting to
note that, for v.60 m/s, the ~average! velocity of the lubri-
cation film in the contact area equals v/2, where v is the
center of mass velocity of the block. Thus, the adsorbate
layer ~in the contact area! slides with the velocity v/2 relative
to both the substrate and the block. However, when v de-
creases below 60 m/s the ~average! velocity of the lubrica-
tion film gradually increases towards v , and for v,30 m/s,
the velocity of the lubrication film equals the velocity of the
block. If the block and substrate were identical, this would
be a manifestation of a ~dynamically! broken symmetry, but
in the present case it simply reflects the fact that the block is
100 Å thick, while the substrate consists of just one layer of
atoms. This allows the block to deform more easily than the
substrate, resulting in a stronger pinning of the lubrication
atoms to the bottom surface of the block. In spite of this
change in the sliding dynamics in the velocity interval 20
m/s, v,60 m/s, there is a negligible variation in the mag-
nitude of the frictional shear stress ~see Fig. 3!. For v,20
m/s, the shear stress drops, but I have not been able to un-
derstand the origin of this effect. When the spring velocity is
reduced below 9 m/s, the steady sliding motion becomes
unstable, and the block performs stick–slip motion. This
critical velocity depends in general on the spring constant
ks , and on the mass M of the block. When the velocity v of
the block increases, the amplitude of the stick–slip oscilla-
tions in the shear stress decreases. At high enough velocity,
because of the inertia of the lubrication atoms, the adsorbate
layer will not be able to fluctuate between the hexagonal
structure and the commensurate domain wall structure, in
which case the hexagonal structure should prevail for all
time. This type of behavior has been observed in other com-
puter simulations. However, I have not been able to study
this limit in the present case since, at very high velocities
(v.240 m/s!, the lubrication film is ~rapidly! squeezed out
from the contact area.
Figure 5 illustrates the influence of acceleration ~and re-
tardation! on the shear stress. In this case the spring velocity
is so high (vs’67 m/s! that the steady sliding state is stable,
but the system has not reached the steady state ~the block
performs damped oscillations, where the center of mass ve-
locity of the block converges towards vs’67 m/s with in-
creasing time!. Time is measured in natural units
@(mr02/e0)1/2# and the stress and the center of mass velocity
of the block have been averaged over a short-time interval
Dt54. Note that the frictional shear stress is maximal when
the acceleration of the block is maximal ~vertical dashed
line!, and minimal when the retardation of the block is maxi-
mal. This result may at first seem surprising, since for the
velocities exhibited by the block ~see Fig. 5!, 20 m/s,
v,100 m/s, the steady state frictional shear stress is nearly
constant ~see Fig. 3!. However, the explanation for the ob-
served behavior is simple. During acceleration, the Xe fluid
in the cavity region between the two surfaces ~see Fig. 1! is
dragged by the sliding block and will exhibit the same accel-
eration as the block. Thus, the lubrication fluid will exert a
force of inertia on the block, which gives rise to the maxi- AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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block. Similarly, during retardation there will be an inertia
force on the block from the Xe-fluid, acting in the opposite
direction to the shear stress in the contact area, and the force
on the block from the lubrication layer will therefore take its
smallest value when the retardation is maximal.
Figure 6 shows the sliding dynamics when the spring
velocity (vs58.89 m/s! is so small that the block exhibits
stick–slip dynamics. Figure 6~a! shows the spring force as a
function of time ~in natural units!. Note that the spring force
becomes negative towards the end of both slip events. This
implies that ~because of the inertia of the block!, the external
spring is compressed before the motion of the block stops.
Note, however, that there is a fundamental difference be-
tween the two slip events displayed in Fig. 6. In the first slip
event the motion of the block does not stop when the center
of mass velocity vanishes for the first time, which occurs
close to the minimum of the spring force, but rather the
block continues to slide for a while in the opposite direction.
This effect is more clearly displayed in Fig. 6~b! which
shows the position of the block as a function of time. Note
that the distance the block has slid decreases close to the end
of the first slip event. On the other hand, at the second slip
event the motion of the block stops when the center of mass
velocity vanishes for the first time. I have performed many
simulations of stick–slip dynamics and found that these two
types of slip events occur with roughly equal probability.
The fact that the block does not stop sliding when the center
FIG. 5. The sliding velocity of the block ~a! and the shear stress acting on
the lower surface of the block from the lubrication atoms ~b! as a function of
time. The simulations are for a case where ~smooth! kinetic sliding is stable
and the system approaches constant stress and sliding velocity for increasing
time. Note that the shear stress is maximum when the acceleration of the
block is maximal, while the shear stress is minimal when the retardation of
the block is maximal. For vs566.7 m/s and ks53 N/m.Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject toof mass velocity vanishes for the first time is in drastic con-
trast to the often assumed classical friction law, where the
friction force F056Fk for vÞ0 and 2Fs,F0,Fs for v
50. Clearly, there is some characteristic relaxation time t
such that if the block spends too short a time ~comparing to
t) in the region v’0, the lubrication film has no time to
FIG. 6. Stick–slip dynamics. The figure shows ~a! the spring force divided
by the load L acting on the sliding block, ~b! the sliding distance ~in Å!, ~c!
the center of mass velocity ~in m/s!, and ~d! the frictional shear stress acting
on the lower surface of the block from the lubrication atoms. In the calcu-
lations vs58.89 m/s and ks53 N/m. Time averaged over Dt54. AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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velocity of the center of mass of the block. Note that, in
accordance with the discussion above, the velocity is nega-
tive close to the end of the first slip event. The damped
oscillations in the center of mass velocity ~and the shear
stress! immediately after the bottom surface of the block
FIG. 7. Mechanical vibration of an elastic block with the bottom surface
pinned to the substrate.
FIG. 8. From Fig. 6 illustrating the transition from stick→slip→stick on an
expanded time-scale. Time averaged over Dt54.Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject tosticks ~at the end of both slip events! are due to mechanical
vibrations of the block ~see Fig. 7! and have recently been
observed in surface forces apparatus measurements.7 Figure
6~d! shows the shear stress acting on the lower surface of the
block from the lubrication layer. In this figure, we have again
averaged the stress over the time interval Dt54.
Figure 8 shows the stick–slip dynamics on an expanded
time scale in the vicinity of the onset of the first slip event.
We focus first on Fig. 8~c! which shows the shear stress
~averaged over Dt54). Although the slip velocities are such
that one would ~from Fig. 3! expect the shear stress to be
nearly constant during slip, it decreases monotonically with
increasing time. This result is simple to explain: according to
Fig. 8~b! the block first accelerates and then retards. The
acceleration is maximal very close to the start of slip, after
which the acceleration decreases continuously with increas-
ing time. This is followed by a time interval where the block
retards, and the retardation is maximal close to the time point
where the block reverses (v,0) its motion. We have shown
above ~see Fig. 5! that, because of the inertia of the trapped
fluid, during nonsteady slip the frictional stress is maximal
when the acceleration is maximal and minimal when the re-
tardation is maximal. This explains the monotonic decrease
in the kinetic frictional stress during slip in Fig. 8~c!. The
oscillations in the shear stress for t.675, which start when
the bottom surface of the block sticks ~at t5675) is due to
mechanical vibrations of the block ~see Fig. 7!. Note also the
large fluctuations in the shear stress during reverse (v,0)
slip. This reflects the stick–slip motion of the bottom surface
of the block which, as mentioned above, occurs even during
steady sliding. Such oscillations also occur during the for-
ward slip (v.0) time period, but in this case the sliding
velocity, and hence the frequency ~in time! of the stress os-
cillations, is so high that the fluctuations nearly disappeared
after the time averaging.
Figure 9 shows the onset of slip on an even more ex-
panded time scale and without time averaging. Note the
strong oscillations in the shear stress during slip, and the
decrease in the time period T of the oscillations as the speed
of the block increases. In each oscillation the bottom surface
FIG. 9. Illustration of the transition from stick→slip in Fig. 6, on an ex-
panded time scale and without time averaging. AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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vT5a .
Figure 10 shows snapshot pictures of the adsorbate layer
during ~a! stick and ~b! slip. Note that during slip the lubri-
cation film forms a nearly perfect incommensurate ~hexago-
nal! structure. During stick, the lubrication film in the central
~high-pressure! region of the system exhibits a pinned do-
main wall structure, where small rectangular areas of com-
mensurate c(232) structure are separated by high-density
domain walls. In the periphery of the contact area ~but still in
the area where a single Xe-layer occurs!, the adsorbates form
a hexagonal structure. The origin of this effect is as follows:
By forming the more open c(232) structure rather than the
high density hexagonal structure, it is possible for the sur-
faces of the elastic solid to relax slightly towards each other.
If the surfaces approach each other by the distance Dz ~see
Fig. 11! then this will give rise to a gain of elastic energy
~per unit area! by PDz , where P(x ,y) is the local pressure in
the contact area. At the periphery of the contact area, P, and
thus also the elastic relaxation energy, will vanish, and the
lubrication film therefore takes the hexagonal structure
~which maximizes the Xe–Xe binding energy! close to the
boundary of the contact zone. I note that a similar effect has
been observed6 during the squeeze-out of the lubrication film
~say from n52 to n51 Xe monolayers!, where a transient
structure, which opens the way for the layering transition, is
first formed. This structure has a lower density than the ini-
FIG. 10. Snapshot pictures of the central region of the lubrication film ~a! at
stick and ~b! during slip.Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject totial ~hexagonal structure! phase and allows the system to
release elastic energy, which is the driving force for the
phase transformation. It is also interesting to note that at the
end of squeezing ~before sliding!, a hexagonal layer is
formed everywhere, and only after sliding a finite ~short!
distance, the domain-wall structure is formed in the high
pressure region ~compare Figs. 21 and 23 in Ref. 6!. Thus
only after some ‘‘massage’’ time period ~or sliding distance!
does the adsorbate layer reach its final steady-state structure,
where the adsorbate concentration in the high-pressure re-
gion is lower than that of the original hexagonal structure;
similar effects has been observed in surface forces apparatus
measurements.8
A detailed study of snapshot pictures of the adsorbate
layer during the transition from stick to slip shows that slip
starts at the periphery of the contact area and propagates
rapidly ~with a speed of order the sound velocity! towards
the center of the contact area. This is the picture one would
expect based on continuum elasticity theory. Consider, for
example, an elastic sphere squeezed against a rigid substrate.
This gives rise to a pressure distribution of the form9
P;@12~r/R !2#1/2,
where R is the radius of the contact area. If, in addition, a
tangential force is applied to the elastic sphere, while no slip
occurs at the interface, then the tangential stress sxz will act
at the interface, where ~approximately!9
sxz;@12~r/R !2#21/2. ~1!
Thus, in the continuum approximation, an arbitrary weak
external tangential force gives rise to an infinite shear stress
at the periphery of the contact area. Of course, in an atom-
istic model the stress remains finite, but it is expected to be
largest for r’R and the slip should start at the periphery. For
r’R , ~1! reduces to sxz;(R2r)21/2, which is the same
inverse-square-root singularity as exhibited by the stress field
in the vicinity of a crack tip, and, in fact, the onset of slip in
the present case can be considered as a crack propagating
from the periphery of the contact area towards the center.9
IV. DISCUSSION
The perhaps most important problem in boundary lubri-
cation is to understand the nature and origin of the transition
from slip to stick. Since sliding friction involves buried in-
FIG. 11. Schematic picture of the lubrication film at stick. In the central
high pressure part of the contact area, the adsorbate layer forms a commen-
surate structure which allows the solid surfaces to come closer by Dz , re-
sulting in elastic relaxation which is the driving force for the phase trans-
formation. Close to the periphery of the contact area the pressure is low and
the adsorbate takes a high-density hexagonal structure which maximizes the
Xe–Xe binding energy. AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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tal observation about the the processes which occur in the
lubrication layer. In several earlier publications,1,10,11 we
have studied the slip–stick transition theoretically, and in
this section we will apply the theory to the computer simu-
lation presented in Sec. III.
The following discussion is based on experimental8,12
and theoretical3,13 arguments which suggest that the transi-
tion from slip to stick involves nucleation of solid structures
in the boundary lubrication film. In the model studied above
an incommensurate hexagonal structure prevails during slip
while a solid domain wall structure is formed at stick. In
some earlier simulations, either an incommensurate structure
or a fluidlike structure prevailed during slip.3 In the latter
case the transition from slip to stick involved the nucleation
of the solid structure. This scenario is likely to prevail when
the lateral corrugation of the adsorbate–substrate interaction
potential is ‘‘large,’’ and should also be more favorable for
‘‘complex’’ lubrication molecules, e.g., long change hydro-
carbons ~calculations to check this are under way! and for
~real! surfaces with defects, e.g., steps, which would tend to
break up any solidlike structures in the ~sliding! lubrication
film. At very low sliding velocity the whole lubrication film
is likely to consist of solid domains which fluidize and re-
freeze in a stochastic manner ~see Ref. 13!. In this latter case
there will be a highly nonuniform stress distribution at the
interface, i.e., associated with each solid domain in the lubri-
cation film will be a stress domain in the block and the
substrate.13 However, in all these cases there will be some
characteristic relaxation time t ~or a distribution of relax-
ation times! associated with the strengthening of the junction
at stick: in the first two cases, this is associated with the
nucleation and growth of the solid pinned structures, while in
the latter case, t characterizes the speed with which the in-
homogeneous stress distribution at the interface relaxes to-
wards the stress free state.13
In the following discussion we will assume that the
spring constant ks is very weak, in which case the transition
from steady sliding to stick–slip motion will occur at a criti-
cal sliding velocity vc , which is independent of ks and
which equals the lowest ~steady-state! sliding velocity vc of
the block on a tilted substrate ~see Refs. 10 and 11!.
Consider a block sliding on a lubricated substrate. Let us
consider the formation of a solid domain ~island! which pins
the two solid walls together. We have shown elsewhere that
even if the solid island would be formed instantaneously,
there should be no problems related to the inertia of the
sliding block. That is, because of the finite elasticity of the
solids, it is possible for small surface regions at the interface
between the block and the substrate to be pinned abruptly
without generating huge shear stresses as a result of the slid-
ing motion of the block. Thus, the initial increase in the shear
stress at a solid island ~radius r) is associated with the elastic
stopping waves generated in the confining solid walls, but
the resulting increase in the shear stress is entirely negligible.
For times t.r/c;10211 s @where c is the sound velocity,
and t the time after the ~abrupt! formation of a solid structure
with radius r], the shear stress increases monotonically with
time. If the increase in the shear force with increasing time isDownloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject tofaster than the increase in the pinning force which results
from the growth of the solid island, then the solid island will
shear melt, and no transition to the stick state can occur.
At the transition from steady sliding to stick, the kinetic
energy of the sliding block Mv2/2 must be converted into
elastic energy in the lubrication film and in the walls of the
block and the substrate. For the system studied in Sec. III,
one finds that about half of the energy is stored in the walls
and half in the lubrication film. The critical velocity vc ,
calculated under the assumption that the block will stop
moving when the kinetic energy of the block has decreased
to the point that it can be stored as elastic energy in the
system without generating so high shear stress at the inter-
face that the solid lubrication layer fluidizes,10,11 is of order
vc517 m/s, which is relatively close to the observed critical
velocity ’9 m/s. Thus, the present mechanism is likely to be
the origin of the transition from slip to stick for the model
studied in Sec. III. We have not performed any systematic
study of the dependence of the critical velocity on the mass
of the block for the model studied in Sec. III, except to
notice that vc increases when the mass M is reduced, in
accordance with theory.10,11
For more realistic situations, where the radius of the con-
tact area is much larger than in the model study presented in
Sec. III, the elastic energy stored in the solid walls will be
much more important than the elastic energy stored in the
lubrication film at stop. To see this, let us note that the elastic
energy stored in the lubrication film is proportional to the
contact area ;R2, while the elastic energy stored in the
walls is proportional to the volume ;R3 ~since the elastic
deformation field extends a typical distance R into the sol-
ids!. Thus the ratio of the volume and surface contributions
will scale ;R . In a typical application involving the surface
forces apparatus, R’10– 100 mm, which is about 1000 times
larger than in the model study presented in Sec. III. Thus, in
most cases of practical importance, the elastic energy stored
in the walls will be a factor of 1000 times greater that the
elastic energy stored in the lubrication film ~this fact was
overlooked in the work by Robbins and Thompson14!. When
this fact is taken into account, the critical velocity vc calcu-
lated under the assumption that the block will stop moving
when the kinetic energy of the block has decreased to the
point that it can be stored up as elastic energy in the block, is
about 1000 times larger than observed by Yoshizawa et al.8
for hexadecane between mica surfaces.10,11 Thus, the mecha-
nism considered above cannot be the origin of the transition
from slip to stick for most real sliding systems.
Let us now present another mechanism for the transition
from slip to stick which may be more relevant to practical
applications. First, as pointed out above, the transition from
slip to stick is likely to involve nucleation of solid structures
in the lubrication film. Let us assume that at time t50 a
small circular solid region of radius r and area DA5pr2 has
been formed due to a fluctuation. The solid island pins the
two solid walls together. For times t.0 the shear stress in-
creases monotonically with time. As described in Refs. 1, 10
and 11, if this increase in the shear force is faster than the
increase in the pinning force which results from the growth AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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no transition to the stick state will occur.
V. SUMMARY AND CONCLUSION
We have presented results of computer simulations of
sliding friction where, for the first time, both long-range elas-
ticity and curved surfaces have been included in a realistic
manner. For ‘‘high’’ spring velocity vs steady sliding is ob-
served, while when vs is lowered below a critical velocity vc
the block performs stick–slip motion. During slip the lubri-
cation film forms a nearly perfect incommensurate ~hexago-
nal! structure. During stick, the lubrication film in the central
~high-pressure! region of the system exhibits a pinned do-
main wall structure, consisting of small rectangular domains
of commensurate c(232) structure, separated by high-
density domain walls. By forming the more open c(232)
structure rather than the high-density hexagonal structure, it
is possible for the surfaces of the elastic solid to relax
slightly towards each other which gives rise to a gain of
elastic energy, which is the driving force for the phase trans-
formation. Even during steady motion of the center of mass,
the lubrication film fluctuates ~with the period determined by
the lattice constant a of the solid walls! between a hexagonal
structure and the domain wall structure. We have analyzed
the sliding dynamics in detail and made several novel obser-
vations, e.g., we find that the liquid Xe trapped in the cavities
between the solids will result ~because of its inertia! in a
maximal ~kinetic! friction force when the acceleration of the
block is maximal, and a minimal friction force when the
retardation of the block is maximal.
We are at present extending this work to other lubri-
cants, e.g., chain molecules, as well as solids with different
lattice constants and different elastic properties ~e.g., softDownloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject toelastic solids such as rubber!. We will also study the influ-
ence of different types of surface corrugation on the squeeze-
out and sliding dynamics.
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